The development of a transmissible spongiform encephalopathy upon uptake of the infectious agent in feed was studied in the model system scrapie in hamsters. Compared to single dosing, repeated dosing caused disease at a considerable higher incidence. The risk of infection was higher when the time interval between repetitive dosing was short. There was a statistically significant trend of clearance of infectivity with time.
Transmissible spongiform encephalopathies (TSEs), of which scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle and Creutzfeldt-Jakob disease (CJD) in humans are the most important, all are fatal degenerative diseases of the central nervous system.The agents causing these diseases are still undefined. Upon infection TSEs exhibit a very extended incubation period lasting years or even decades during which infected individuals cannot be identified (for review see Gajdusek, 1996) . This is an uncomfortable, serious situation because infection by oral uptake of agent, as first suggested by Pattison & Millson (1961) , could play a very important role in transmission of TSEs within an animal species or between species (for review see Diringer et al., 1994) .
More recently, theoretical considerations (Diringer, 1995) as well as the appearance of a new variant of CJD in young patients in the United Kingdom have increased the likelihood that CJD in humans may also be attributable to this form of transmission . Thus, recently we have begun to address more intensively the pathogenesis of TSEs after oral infection using the model system scrapie in hamster (Beekes et al., 1996 ; Baldauf et al., 1997) .
Oral or intragastric infection was found to be about 50 000-100 000-fold less effective in mice (Kimberlin & Walker, 1989 ; Diringer et al., 1994) and in hamsters (Diringer et al., 1994) , as compared to an intracerebral (i.c.) route, although a difference of 10* has also been reported for the hamster model (Prusiner et al., 1985) .
In an initial study on the development of disease after
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uptake of limited amounts of scrapie agent it was shown that doses of infectivity which did not result in disease when given once resulted in a low incidence of scrapie cases in hamsters when given repeatedly (Diringer et al., 1994) . Here this observation is studied in more detail. The experimental design was as follows : outbred Syrian hamsters and the scrapie strain 263K (Kimberlin & Walker, 1977) were used. Two pools for infection were prepared as 1 : 10 homogenates in PBS from scrapied hamsters at the terminal stage of disease. Such brains contain 1-3i10* LD &! i.c.\g (unpublished results of more than 20 end-point titrations). After centrifugation for 5 min at 500 g the pellet and lower third of the supernatant were discarded and the upper two-thirds of the supernatant was used as a pool for infection.
Throughout the experiment the animals were kept singularly in their cages. They were infected intracerebrally with 50 µl of tenfold dilutions of the pool materials to determine the LD &! i.c. dose. For oral infection the animals were starved for 1 day. The next day they received a single pellet of feed soaked with 100 µl of tenfold dilutions of the pools (schedule 1). Hamsters exposed several times were given the infectious pellets 10 times at intervals of 1 (schedule 2) and 4 days (schedule 3). Subsequently pelleted feed and water were given ad libitum. The animals were scored twice weekly for clinical symptoms. LD &! were determined by the method of Spearman-Ka$ rber as described by Bonin (1973) . Table 1 presents the results of two end-point titrations performed with each of the two pools by an i.c. inoculation. As compared to an LD &! of 3i10* in total homogenates of scrapie hamster brains (see earlier) titres of 1-3i10) LD &! i.c.\g of brain tissue in the pools demonstrate that the procedure to prepare this material by centrifugation resulted in a loss of 90 % of the infectivity into the pellet and the lower third of the supernatant.
End-point titrations with each of these pools by oral infection revealed infectivity titres of 2-3i10$ LD &! . Thus, these data confirm the earlier observations (Kimberlin & Walker, 1989 ; Diringer et al., 1994 ) that oral infection is 50 000-100 000-fold less effective than i.c. infection. They do not support the finding of a difference in efficiency of 10* between these two routes (Prusiner et al., 1985) . Table 2 shows the results of experiments in which animals received multiple oral doses of scrapie agent at intervals of 1 and 4 days. Doses relating to 2i10&, 2i10%, 2i10$ and, in one case, 2i10# LD &! i.c. were fed, representing 100 µl of 10 −# , 10 −$ , 10 −% and 10 −& dilutions, respectively (see Table 1 ).
Comparing the results of a single oral infection in Table 1 with multiple infections in Table 2 it is obvious that, independent of the feeding schedule, hamsters receiving the same infectious dose several times bear a higher risk of developing scrapie. For example, of hamsters receiving 100 µl GBA of 10 −# , 10 −$ and 10 −% once (Table 1 , cumulative death rate), 58\80, 9\80 and 1\80 animals developed scrapie, respectively. When the same dilutions were given 10 times at 1 or 4 day intervals (Table 2, cumulative death rates) 59\59, 33\59 and 5\60, or 58\58, 26\58 and 2\57 animals died of scrapie.
Furthermore, we statistically investigated the influence of the feeding schedule (s l 1, 2, 3) of various log dilutions (kd) on the probability P s (kd) of developing scrapie. Our null hypothesis was that the feeding schedule has no influence. The alternative hypothesis was that the probability P s (kd) depends on the feeding schedule. To be more precise, our expectation was that P s (kd) inversely depends on the length of the feeding interval, i.e. the largest probability P " (kd) would be for schedule 1, medium probability P # (kd) for schedule 2, and smallest probability P $ (kd) for schedule 3. In order to make fair comparisons under the above null hypothesis, a given dose of log dilution kd (e.g. 10 −$ ) given once (schedule 1) has to be compared with a dose of log dilution kdk1 (e.g. 10 −% ) given every day or every fourth day for ten consecutive intervals (schedules 2 and 3). See also footnotes to Table 3 .
To link the probability P s (kd) with P s (kdk1) we used the model that a dose of log dilution kd and probability P s (kd) to induce scrapie can be diluted ten times, thus resulting in 10 doses of log dilution kdk1, each of which carries the probability P s (kdk1) to cause infection. This means that the chance [1kP s (kd)] of not developing scrapie after ingesting a dose of log dilution kd is the product of 10 times the chances [1kP s (kdk1)] of not developing scrapie after ingesting a dose of log dilution kdk1. Consequently, it follows that
We used the maximum likelihood estimate method (MLE) (Cox & Snell, 1992) to estimate the probabilities P s (kd) for each feeding schedule separately. The data to which this method is applied are the cumulative death rates of Tables 1  and 2 as presented in Table 3 (a). The MLE method returned the probabilities for infection given in Table 3 (b) .
No difference is seen in the probabilities for infection at log dilution k2. This is due to the high infectivity present in the inoculum of this dilution. At log dilutions k3 and k4, however, the trend to a lower risk of infection from schedule 1 over schedule 2 towards schedule 3 becomes obvious in almost perfect accordance with the observed rates (Table 3 a) .
The clear tendency for smaller risks associated with longer intervals between feeding is substantiated with formal statistical arguments. The 95 % confidence intervals for the above estimates obtained from the MLE method together with tests (P values) are presented in Table 3 (c) for log dilution k3 (other log dilutions give the same P values). Hence, overall, there is a statistically significant effect of the feeding schedule on the development of disease, which confirms the expected inverse association between feeding interval and risk.
In summary, these data show that materials which upon single application to determine LD &! are found to be free of GBB infectivity may cause disease in a considerable number of individuals when given repeatedly. Furthermore, the risk of getting infected by such low doses is higher when the time interval between the uptake of infectivity is short. In our model system there was a clear trend of clearance of infectivity with time with a feeding interval of 4 days. This was not evident for the schedule of daily feeding. The data may be of interest for future assessments on the possibility of natural transmission of TSEs in animals (scrapie in sheep and BSE in cattle) and on risk assessments for public health (transmission of BSE to man).
